Introduction
TAR-DNA binding protein of 43 kDa (TDP-43) is the major component of protein aggregates in patients with sporadic and most familial amyotrophic lateral sclerosis (ALS) and in a subclass of patients with frontotemporal lobar degeneration (FTLD) characterized by ubiquitin-positive inclusions (Arai et al., 2006; Neumann et al., 2006) . The identification of TDP-43-immunopositive inclusions in the majority of FTLD and ALS cases suggested a pathogenic link between these disorders and prompted their reclassification as TDP-43-proteinopathies. Moreover, mutations in the gene encoding TDP-43 are associated with familial ALS and FTLD with motor neuron disease, strengthening the conclusion that this protein plays a central role in disease pathogenesis (Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008; Yokoseki et al., 2008; Benajiba et al., 2009) .
TDP-43 is a widely expressed nuclear protein that binds DNA and RNA, inhibits retroviral replication, and participates in RNA splicing and nuclear body formation (Ou et al., 1995; Buratti and Baralle, 2008) . In healthy cells, TDP-43 is largely restricted to the nucleus; however, TDP-43 is also involved in nucleocytoplasmic shuttling of messenger RNA (Ayala et al., 2008; Wang et al., 2008) , and TDP-43-containing cytoplasmic puncta have been detected in association with RNA granules (Elvira et al., 2006) . In patients with TDP-43-proteinopathies, such as ALS and FTLD with ubiquitin inclusions, affected neurons exhibit a striking redistribution of TDP-43 from the nucleus to the cytoplasm and display insoluble TDP-43 aggregates in the nucleus, cytoplasm, or processes (Arai et al., 2006; Neumann et al., 2006) .
The significance of the redistribution of TDP-43 is unclear, and despite the growing number of disease-associated mutations in TDP-43, little is known about the mechanisms by which they lead to neurodegeneration. Previous studies using conventional approaches were limited in their ability to establish causality and unable to determine whether aggregation and redistribution of TDP-43 are essential features of disease pathogenesis or epiphenomena. To further characterize TDP-43-mediated disorders, we established a model of TDP-43-proteinopathies by expressing fluorescently labeled TDP-43 in rodent primary cortical neurons. Primary culture models permit detailed genetic and biochemical manipulations in postmitotic, differentiated cells and have proven essential in studies of several neurodegenerative disorders (Saudou et al., 1998; Jacquier et al., 2009) . For these investigations, we used an automated microscopy system that enables longitudinal visualization of individual neurons over extended periods. This approach permits us to quantitatively relate morphologic changes in each neuron to survival and to predict the consequences of those changes (Arrasate and Finkbeiner, 2005) . Our findings reveal that mutant TDP-43 is toxic to neurons and that mislocalization of TDP-43 to the cytoplasm is critical for disease pathogenesis.
Materials and Methods
Plasmids. All TDP-43-bearing plasmids consisted of human TDP-43 fused at the C terminus to enhanced green fluorescent protein (EGFP) (Fig. 1A) . A linker region of 14 aa separates the C terminus of TDP-43 from the N terminus of enhanced green fluorescent protein (EGFP), and six histidine residues were added to the C terminus of EGFP to facilitate purification of the translated protein.
The A315T mutation was created by site-directed mutagenesis of the adenine base at position 943 to guanine. The nuclear localization signal (NLS) was mutated by PCR as described previously (Winton et al., 2008) with the following primers: 5Ј-CAACTATCCAAAAGATAACGC-AGCAGCAATGGATGAGACAGATGC-3Ј and 5Ј-GCATCTGTCT-CATCCATTGCTGCTGCGTTATCTTTTGGATAGTTG-3Ј. The nuclear export signal (NES) was disrupted similarly with the following primers: 5Ј-GCAGTCTCTTTGTGGAGAGGACGGAGGGGGAAAAGGAATA-GCGTTCATATATC-3Ј and 5Ј-GATATATGAACGCTGATTCCTTTTC-CCCCTCCGTCCTCTCCACAAAGAGACTC-3Ј. Mutant huntingtin, mCherry, and EGFP were cloned into pGW1-CMV vectors as described previously (Arrasate et al., 2004) . Sequence information for all plasmids is available at http://gind-db.ucsf.edu:8000/cgi-bin/Plasmid/main_menu2.cgi.
Cell culture and transfection. Rat cortical neurons were isolated from embryonic d 20 -21 pups, cultured at 0.6 ϫ 10 6 cells/ml for 6 d in vitro, and transfected with calcium phosphate as described previously (Saudou et al., 1998) (specific protocol information is available at http://www. gladstone.ucsf.edu/gladstone/site/finkbeiner/section/1193). For survival analysis, neurons in 24 well plates were cotransfected with TDP-43-containing plasmids and pGW1-mCherry in a 1:1 molar ratio (1 g of DNA per well) and cultured in serum-free medium for the remainder of the analysis. For confocal fluorescence microscopy, neurons were transfected with selected plasmids and visualized 24 h later. For evaluation of the detergent-resistance of inclusion bodies (IBs), neurons were fixed with 1% paraformaldehyde in PBS for 20 min at 37°C, rinsed twice in PBS, and treated with 5% Triton X-100 and 5% SDS for 20 min at 37°C. Neurons were then rinsed twice more in PBS and imaged by fluorescence microscopy (Kazantsev et al., 1999) .
Immunocytochemistry. Rat cortical neurons were isolated and plated onto 12 mm glass coverslips coated with laminin and poly-D-lysine. At 6 d in vitro, neurons were transfected with TDP-43-containing plasmids as described above. Immunocytochemistry was performed as described previously (Saudou et al., 1998) with rabbit anti-TDP-43 polyclonal antibodies (Proteintech; 1:1000) or anti-myc (Santa Cruz Biotechnology; 1:2500) as primary antibodies and anti-rabbit Cy3-labeled secondary antibodies (Jackson ImmunoResearch Laboratories; 1:200). Nuclear staining was accomplished by incubating fixed and permeabilized cells briefly with Hoechst dye diluted to a final concentration of 10 M in PBS.
Subcellular fractionation. For fractionation experiments, HEK293 cells were plated onto 15 cm Petri dishes and transfected after 24 h in vitro. The cells were rinsed once with ice-cold saline, and harvested in 5 ml of chilled Buffer 1 (containing, in mM: 15 Tris-HCl, pH 7.5, 60 KCl, 15 NaCl, 5 MgCl 20 , 1 CaCl 2 , 2 Na 3 VO 4 , 0.25 M sucrose, 1 PMSF; 1 DTT). After a 5 min incubation on ice, an equal volume of Buffer 1 with 0.6% NP-40 was added to the solution, and the sample was incubated for an additional 5 min on ice, and stirred occasionally. The suspension was then centrifuged at 1000 ϫ g for 10 min at 4°C. The supernatant was removed, and set aside as the cytosolic fraction. The pellet was gently resuspended in Buffer 1, and centrifuged as before. The supernatant was removed, and the pellet resuspended in Buffer 2 (containing, in mM: 10 HEPES, pH 7.9, 10 KCl, 1.5 MgCl 2 , 0.1 EGTA, 0.4 NaCl, 5% glycerol, 0.1 DTT, 0.5 PMSF) by trituration with a 20G needle and syringe. The suspension was incubated on ice for 30 min, with occasional mixing. After a final centrifugation, the supernatant was removed and saved as the nuclear fraction. The equivalent of 5 g of protein from each sample was separated using SDS-PAGE. Proteins were detected by Western blotting with antibodies specific for TDP-43 (rabbit anti-TDP-43 polyclonal antibodies from Proteintech, 1:1000), histone H1 (mouse anti-histone H1.0 monoclonal antibodies from Abcam, 1:000) and ␣-tubulin (mouse B512 anti-␣-tubulin monoclonal antibodies from Sigma, 1:2000) diluted in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20, and incubated overnight at 4°C. Secondary antibody incubations were performed at room temperature for 30 min using HRP-conjugated antimouse or anti-rabbit IgG antibodies, diluted 1:2000 in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20. Proteins were then visualized with the ECL system (Pierce).
Despite taking specific measures to accurately isolate nuclear and cytosolic fractions, we found that the initial steps of biochemical fractionation can disrupt cellular gradients of some ectopically targeted proteins. In such cases, immunocytochemical analysis has proven to be a more accurate indicator of localization in live cells.
Robotic microscopy. For neuronal survival analysis, we used a robotic imaging system described by Arrasate and Finkbeiner (2005) . Briefly, images were obtained with an inverted Nikon microscope (TE300 Quantum) equipped with a 20ϫ objective lens (numerical aperture 0.45) and a Hamamatsu Orca II 12/14-bit, digital, cooled charge-coupled device. Illumination was provided by a xenon lamp (300 W) with a liquid light guide to maximize the signal-noise ratio. All movements of the stage were controlled with electrical stepper motors. Coordination of fluorescence excitation and emission filters, stage movements, focusing, and imaging acquisition was accomplished with custom-designed and commercially available programs.
Image analysis and statistical comparisons. Digitized images were analyzed with MetaMorph and original programs written with MatLab and Visual C software. Protein expression levels were estimated by determining the fluorescence intensity of the marker to which the protein is fused, as described previously (Arrasate et al., 2004) . Cell bodies of transfected neurons were identified by mCherry fluorescence, and TDP-43-dependent fluorescence in one or more cellular compartments was determined by measuring fluorescence intensity in a defined region of interest. Background fluorescence from neighboring regions of interest was subtracted before further data analysis.
In survival analyses, neuronal death was determined by cell membrane rupture, blebbing, or loss of mCherry fluorescence. Kaplan-Meier and cumulative risk of death curves were generated with StatView software, and the statistical significance of differences between cohorts of neurons was determined with the log-rank test. Cox proportional hazards analysis was used to evaluate the effects of expression level, IB formation, and protein localization on the risk of death. Differences in continuous variables (e.g., expression level) between two groups were assessed with the unpaired t test. For nonparametric comparisons involving more than two groups, significance was determined with the log-rank test; for parametric comparisons, Tukey's multiple-comparison test was used. Statistical comparisons and plots were generated with GraphPad or Statview software.
Results

An in vitro model of TDP-43 proteinopathies
To generate a model of TDP-43-mediated neurodegeneration, we transfected rat primary cortical neurons with constructs encoding EGFP-tagged wild-type (WT) TDP-43 or TDP-43 bearing a mutation (A315T) associated with familial ALS (Kabashi et al., 2008) (Fig. 1 A) . The pathology of ALS is characterized by motoneuron degeneration in the spinal cord and motor cortex (Kato, 2008) , and FTLDu by atrophy in the frontal and temporal cortices (GraffRadford and Woodruff, 2007) . Therefore, we chose primary cortical neurons as the system in which to assess the ability of mutant TDP-43 to induce neurodegeneration.
Similar to the endogenous TDP-43 protein, WT ( Fig. 1 B-D ) and mutant TDP43-EGFP (Fig. 1 E-G) were largely restricted to the nucleus. In some cells, however, TDP43-EGFP was distributed throughout the cytoplasm and the nucleus ( Fig. 2A-C) . Twentyfour hours after transfection, TDP-43-immunoreactive protein aggregates, a characteristic feature of neurodegeneration in FTLD and ALS (Arai et al., 2006; Neumann et al., 2006) , were detected in 10 -15% of neurons expressing WT or mutant TDP43-EGFP ( Fig. 2 D-F ). We noted colocalization of ubiquitin and aggregated TDP43-EGFP in cells cotransfected with TDP43-EGFP and epitope-tagged ubiquitin (data not shown), suggesting that these deposits are ubiquitinated in cultured neurons. EGFP fluorescence in mutant TDP43-EGFP aggregates was resistant to detergent treatment, consistent with a densely packed structure such as an IB (Arrasate et al., 2004) , but fluorescence from WT TDP43-EGFP aggregates was destroyed ( Neuronal loss underlies the regionspecific brain atrophy in TDP-43-proteinopathies and correlates directly with clinical symptoms (Kwong et al., 2007) . To determine whether expression of WT or mutant TDP43-EGFP affects neuronal survival, we cotransfected primary cortical neurons at 6 d in vitro with TDP43-EGFP constructs and mCherry, a fluorescent protein that acts as a survival marker. The transfected cells were monitored at regular intervals for 10 d by automated fluorescence microscopy (Arrasate and Finkbeiner, 2005) . This system permits us to analyze and follow large numbers of live neurons over an extended period and to quantitatively relate observations at each interval to a prespecified outcome (in this case, cell death). Neuronal death was marked by morphologic changes (cell fragmentation, blebbing, or rounding) and loss of mCherry fluorescence (Fig. 3A) , which correlate well with traditional measures of cell death, including annexin V staining and loss of cell membrane integrity (Arrasate et al., 2004) . Control neurons were cotransfected with mCherry and EGFP alone or EGFP fused to a neurotoxic protein (exon 1 of huntingtin containing 97 consecutive glutamines, designated Htt(97Q)-EGFP).
The ability to measure the individual lifetimes of large numbers of neurons allows the use of survival analysis and related powerful statistical methods to study factors that affect cell fate. Using nonparametric Kaplan-Meier analysis, we generated survival functions for each population of neurons and plotted hazard curves depicting the cumulative risk of death (Fig. 3B) . Cox proportional hazards analysis was then used to generate a hazard ratio (HR)-representing an estimate of the relative risk of death-for each cohort of neurons. Cultured neurons have a finite lifespan in vitro and therefore display a non-zero baseline risk of death. Expression of EGFP alone in these cells confers no additional risk of death above this baseline level (Arrasate and Finkbeiner, 2005) . As expected, the risk of death was significantly higher in neurons expressing Htt(97Q)-EGFP than in those expressing EGFP alone (HR 1.473, p Ͻ 0.0001) (Fig. 3B ) but not in neurons transfected with WT TDP43-EGFP. The rate of cell death was also significantly greater in cells expressing TDP43(A315T)-EGFP (HR 1.225, p Ͻ 0.0001) (Fig. 3B) , indicating that the A315T mutation causes toxicity in transfected neurons. To determine whether this toxic effect was unique to the A315T mutation, we generated two additional TDP43-EGFP constructs carrying point mutations (N390S and G290A) associated with the development of ALS (Kabashi et al., 2008; Van Deerlin et al., 2008) . When expressed in rat cortical neurons, both TDP43(N390S)-EGFP and TDP43(G290A)-EGFP significantly increased the risk of cell death over that of TDP43(WT)-EGFP ( p Ͻ 0.0001 for both; supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Thus, three separate mutations in TDP-43, all of which are associated with the development of ALS, caused substantial toxicity in rat cortical neurons.
Despite the simplicity of the system, expression of TDP43-EGFP in primary cortical neurons recapitulates several cardinal features of TDP-43-proteinopathies, including nuclear localization of the protein, the formation of ubiquitin-immunopositive, detergent-insoluble IBs, and neuronal toxicity related to pathogenic mutations in TDP-43. We conclude that this model is a useful tool to investigate mechanisms by which mutant TDP-43 induces neurodegeneration.
Cytoplasmic TDP-43 predicts neuronal death Next, we used automated fluorescence microscopy to focus upon one of the TDP-43 mutations associated with ALS (A315T) and to investigate the mechanisms by which this mutation induces cell death. The ability to track changes in individual neurons over time and to relate the temporal sequence of these events to cellular survival permit us to determine the relationship of each variable to cell fate. We concentrated on Figure 3 . Mutant, but not WT, TDP43-EGFP is toxic when expressed in primary cortical neurons. A, A typical neuron transfected with TDP43-EGFP and mCherry and followed by automated microscopy at 12-24 h intervals until neuronal death was observed at 186 h. Scale bar, 10 m. B, Kaplan-Meier survival analysis was used to create cumulative risk of death functions for each population of transfected neurons. In these plots, the y-axis represents a quantitative measure of the accumulated risk of cell death over time. *p Ͻ 0.0001 (log-rank test). NS, not significant ( p Ͼ 0.05 by the log-rank test). The cumulative risk of death, displayed on the y-axis, represents the probability that cells in a cohort will die over the time interval for each experiment. Cumulative risk of death curves were compiled from five separate experiments, including a total of 639 neurons expressing EGFP alone, 665 neurons expressing Htt(97Q)-EGFP, 998 neurons expressing TDP43(WT)-EGFP, and 1106 neurons expressing TDP43(A315T)-EGFP. molecular changes, such as aggregate formation and protein redistribution, which may account for the toxicity of the A315T mutation in TDP-43.
Transfected neurons were scored for several variables, including fluorescence intensity, IB formation, and subcellular localization of TDP43-EGFP (nuclear or cytoplasmic). Since the fluorescence intensity of EGFP in live neurons is directly related to the level of proteins to which it is fused (Arrasate and Finkbeiner, 2005) , we used the normalized fluorescence intensity in each neuron as a measure of the level of TDP43-EGFP expression.
To examine the role of IB formation in TDP43-mediated disease, we compared the survival of neurons that formed IBs and those that did not. Because we were interested in IB formation per se, we prospectively followed neurons with diffuse TDP43-EGFP to identify those that subsequently formed IBs. To avoid selection bias against neurons with shorter survival times, we included only neurons that were alive 24 h after transfection. Cells that form an IB after 24 h should have a higher risk of death if IB formation is toxic and a lower risk if it is a coping mechanism. Alternatively, if IB formation is unrelated to cellular survival, the risk of death should be similar in both populations.
Previously, we reported that the expression level of aggregation-prone proteins is an important predictor of IB formation (Arrasate et al., 2004) . Indeed, IB formation was significantly and positively affected by expression level in neurons transfected with WT or mutant TDP43-EGFP (Fig. 4 A) . Moreover, the level of expression predicted the timing of IB formation, such that neurons with the highest expression levels formed IBs within 24 h after transfection.
To control for the effects of expression level on IB formation and cellular survival, we analyzed cohorts of neurons with equivalent expression levels 24 h after transfection. The normalized expression level was similar for neurons expressing WT and mutant TDP43-EGFP, with and without IBs (Fig. 4 B) . For a given expression level, IBs formed more readily in neurons expressing TDP43(A315T)-EGFP than in those expressing TDP43(WT)-EGFP (21% vs 10%, p Ͻ 0.015, 2 test). Nevertheless, Kaplan-Meier and Cox proportional hazards analyses of these cohorts failed to demonstrate an effect of IB formation on cell survival (Fig. 4C,D, Table 1 ). These results indicate that IB formation is not required for mutant TDP43-EGFP toxicity and suggest that diffuse or soluble forms of the protein have a neurotoxic effect that is independent of IB formation.
Since the redistribution of TDP-43 from the nucleus to the cytoplasm is a prominent characteristic of TDP-43-associated diseases (Mackenzie and Rademakers, 2007) , we next asked whether the subcellular localization of TDP-43 predicts cellular survival. Neurons with purely nuclear TDP43-EGFP or those with cytoplasmic and nuclear TDP43-EGFP were identified by comparing the distribution of TDP43-EGFP to that of mCherry, a fluorescent protein that is coexpressed in the cytoplasm of every transfected neuron (Fig. 5A-C) . The subcellular localization of TDP43-EGFP in these cells was confirmed by immunocytochemical staining of fixed neurons for nuclear markers (Fig. 2 A-C) . By Cox proportional hazards analysis, the presence of cytoplasmic TDP43-EGFP 24 h after transfection was directly and signifi- Fig. 2 A, B , available at www.jneurosci.org as supplemental material) and compared the risk of death in neurons with cytoplasmic (and nuclear) TDP43-EGFP to those with solely nuclear TDP43-EGFP (Fig. 5D) . Cytoplasmic TDP43-EGFP increased the risk of death two-to threefold, regardless of whether the neurons expressed WT or mutant TDP43-EGFP (Fig. 5E, Table 1) . Surprisingly, neurons with 2purely nuclear protein-either TDP43 (WT)-EGFP or TDP43(A315T)-EGFP-had similar survival times, suggesting that the toxicity is caused by cytoplasmic TDP43-EGFP itself and does not require the A315T mutation.
The initial identification of several disease-associated proteins emerged from genetic studies demonstrating a link between inherited neurodegenerative disorders and mutations of specific genes. In some of these disorders, including Parkinson's disease and Alzheimer's disease, duplication of the WT gene, leading to overexpression of the gene product, recapitulates the disorder (Salehi et al., 2006; Theodore et al., 2008) . Could overexpression of TDP-43 likewise be sufficient to induce neurodegeneration in our model? To answer this question, we took advantage of the fact that transient transfection normally results in a population of transfected neurons with a range of expression levels, allowing us to examine the cellular response to different "doses" of TDP-43. High-level expression of both WT and mutant TDP43-EGFP resulted in the mislocalization of the protein from the nucleus to the cytoplasm (supplemental Fig.  2C , available at www.jneurosci.org as supplemental material). Moreover, elevated expression levels of both TDP43(WT)-EGFP and TDP43(A315T)-EGFP were associated with an increased risk of cell death, consistent with dosedependent neurotoxic effects (Table 1 ). The expression level of EGFP alone did not affect cellular survival. Thus, overexpression of TDP43-EGFP results in protein mislocalization and induces neurodegeneration independently of the A315T mutation.
The A315T mutation increases the proportion of cytoplasmic TDP-43
Because the cytoplasmic distribution of TDP43-EGFP was clearly linked to neuronal toxicity, we hypothesized that the A315T mutation stimulates cell death indirectly by enhancing mislocalization of the protein. To test this hypothesis, we counted neurons exhibiting a purely nuclear distribution of TDP43-EGFP and those with nuclear and cytoplasmic protein. Cytoplasmic mislocalization was significantly more frequent in neurons expressing TDP43(A315T)-EGFP than in those expressing TDP43(WT)-EGFP (39.15% in comparison to 27.10%, respectively; p Ͻ 0.0001, 2 test), consistent with our hypothesis. The effect of the A315T mutation on protein localization was also evaluated by subcellular fractionation (Fig. 6 A) , showing that cells expressing Figure 5 . Cytoplasmic TDP43-EGFP significantly increases the risk of death in transfected neurons. A-C, Cells displaying purely nuclear (arrow) or both nuclear and cytoplasmic (arrowhead) TDP43-EGFP were identified by fluorescence microscopy. A, EGFP fluorescence. B, mCherry fluorescence. C, Merged image with EGFP fluorescence in green, mCherry fluorescence in red, and overlap in yellow. Scale bar, 10 m. D, Kaplan-Meier survival analysis of neurons with matched expression levels and either nuclear localization of TDP43-EGFP (nuclear, n ϭ 153) or nuclear and cytoplasmic protein (cytoplasmic, n ϭ 258), demonstrating the toxicity of cytoplasmic TDP43-EGFP. E, The toxic effect of cytoplasmic mislocalization was similar for both WT (n ϭ 170) and mutant TDP43-EGFP (n ϭ 241). *p Ͻ 0.0001 (log-rank test). NS, not significant ( p Ͼ 0.05). Cumulative risk of death curves were constructed with data from three separate experiments.
TDP43(A315T)-EGFP displayed approximately twice as much cytoplasmic protein as those expressing TDP43(WT)-EGFP, but no significant difference in the amount of nuclear TDP43-EGFP was detected. These results extend and confirm the observations made by fluorescence microscopy.
Since overexpression of TDP43-EGFP also increased mislocalization and cell death, we wondered whether the neurotoxic effects of the A315T mutation were related to selective high-level expression of the mutant protein. In fact, the mean expression level of TDP43(A315T)-EGFP in transfected neurons was lower than that of TDP43(WT)-EGFP [0.2271 Ϯ 0.014 vs 0.2892 Ϯ 0.025 arbitrary units (mean Ϯ SEM); p ϭ 0.0252, two-tailed t test]. Furthermore, cytoplasmic mislocalization of TDP43-EGFP was observed at a lower mean expression level in neurons transfected with TDP43(A315T)-EGFP (Fig. 6 B) , arguing against artifactual mislocalization of mutant TDP43-EGFP from overexpression. These findings suggest that the A315T mutation specifically induces the mislocalization of TDP43-EGFP from the nucleus to the cytoplasm in transfected neurons.
If the A315T mutation increases the proportion of cytoplasmic TDP43-EGFP, the ratio of nuclear to cytoplasmic protein (NCR) should be lower in cells expressing mutant TDP43-EGFP. To investigate this possibility, we measured the amounts of TDP43-EGFP in the nucleus and cytoplasm of individual cells and calculated the NCR for each neuron. Indeed, the mean NCR was significantly lower in neurons expressing TDP43(A315T)-EGFP ( p ϭ 0.003, Kolmogorov-Smirnov test) (Fig. 7A) , confirming that the A315T mutation enhances cytoplasmic mislocalization. By Cox proportional hazards analysis, the NCR was a significant predictor of cellular survival (Table 2) and thus is a sensitive determinant of outcome in neurons expressing TDP43-EGFP.
What is the relationship between the subcellular mislocalization of TDP-43 and neurodegeneration? Too much TDP-43 in the cytoplasm may be toxic to neurons, or cellular survival may depend instead upon the presence of adequate amounts of nuclear TDP-43. Alternatively, the relative distribution of TDP-43 between the nucleus and the cytoplasm may be essential for cellular survival. Our system can determine whether cell fate is best predicted by any one of these variables. Cox proportional hazards analysis showed that the amount of cytoplasmic TDP-43 per cell was a strong and significant predictor of cell death in neurons expressing WT or mutant TDP43-EGFP (Table 2 ). In contrast, the amount of nuclear TDP-43 per cell did not correlate with neuronal survival. Moreover, as shown in Figure 6 A, expression of TDP43(A315T)-EGFP is associated with a twofold increase in the amount of cytoplasmic protein without substantially affecting the amount of nuclear TDP43-EGFP. These results strongly suggest that cytoplasmic TDP43-EGFP exhibits a toxic gain-offunction that leads to cell death regardless of the amount of protein in the nucleus.
If the A315T mutation stimulates cell death through mislocalization of TDP-43, then targeting the protein to the cytoplasm should recapitulate the toxicity of TDP43(A315T)-EGFP. To test this hypothesis, we largely restricted the distribution of WT TDP43-EGFP to the cytoplasm by mutating several amino acids of the predicted NLS of the protein (Fig. 7B) . Employing a similar strategy, Winton et al. (2008) showed that disruption of the NLS leads to cytoplasmic retention of TDP-43. When expressed in primary cortical neurons, TDP43(mNLS)-EGFP was primarily localized to the cytoplasm, as expected ( Fig. 7C-E) , and the NCR was Ͻ1 (Fig. 7A) , consistent with the protein's nearly complete cytoplasmic localization. The cytoplasmic distribution of TDP43(mNLS)-EGFP was confirmed by quantitative fluorescence microscopy of live neurons (data not shown), and biochemical fractionation of transfected cells (Fig. 6 A) . Mutating WT TDP43-EGFP in this way to mimic the cytoplasmic mislocalization of TDP43(A315T)-EGFP significantly increased its toxicity, as shown by Kaplan-Meier analysis (HR 1.286, p Ͻ 0.0001) (Fig. 7F ) . The mean expression level of TDP43(mNLS)-EGFP in transfected neurons was comparable to that of the WT protein (data not shown), excluding the possibility that the toxic effect of TDP43(mNLS)-EGFP arises from overexpression.
If the toxicity of the A315T mutation depends on cytoplasmic mislocalization of TDP43-EGFP, then preventing nuclear export of the protein by disrupting the predicted nuclear export signal (NES) of TDP-43 should attenuate the toxic effect of the A315T mutation. Indeed, we found that mutation of the NES significantly blunted the toxicity of the A315T mutation, such that expression of TDP43(mNES-A315T)-EGFP had no significant effect upon cellular survival compared with TDP43(WT)-EGFP (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These results confirm that cytoplasmic mislocalization of TDP43-EGFP is essential for A315T-specific cellular toxicity. Figure 6 . Both the A315T mutation and disruption of the nuclear localization signal increase cytoplasmic mislocalization of TDP43-EGFP. A, HEK293 cells were transfected with either TDP43(WT)-EGFP, TDP43(A315T)-EGFP, and TDP43(mNLS), and cell lysate from each group was separated into cytosolic and nuclear fractions. TDP43-EGFP can be found within the nuclear fractions (marked by the presence of histone H1) of each group. After normalization, the amount of TDP43-EGFP within the cytoplasmic fraction (marked by ␣-tubulin) increases by a factor of 1.79 and 3.86 in cells transfected with TDP43(A315T)-EGFP and TDP43(mNLS)-EGFP, respectively, compared with those expressing TDP43(WT)-EGFP. A band migrating at 43 kDa and corresponding to endogenous TDP-43 was noted in the nuclear fraction of each lysate (data not shown). B, The mean expression level of neurons with cytoplasmic TDP43-EGFP was significantly higher in cells transfected with TDP43(WT)-EGFP than in those transfected with TDP43(A315T)-EGFP, indicating that cytoplasmic mislocalization of mutant TDP43-EGFP compared with wild-type cannot be due to relative overexpression alone. *p ϭ 0.0008 (two-tailed t test); NS, not significant ( p Ͼ 0.05). Results represent pooled data from three different experiments.
As demonstrated by immunocytochemistry and subcellular fractionation, neurons transfected with TDP43(mNLS)-EGFP display significantly more protein within the cytoplasm than those expressing TDP43(A315T)-EGFP. Nevertheless, the toxicity of TDP43(mNLS)-EGFP was not significantly different from that of mutant TDP43(A315T)-EGFP (HR 1.011, p ϭ 0.7705 by log-rank test), suggesting that the toxic effect may be saturated by relatively low amounts of TDP43-EGFP in the cytoplasm. In support of this conclusion, we found that the toxic effect of cytoplasmic TDP-43 is similar for neurons expressing WT, A315T, or mNLS TDP43-EGFP, and that the toxicity of cytoplasmic TDP-43 in each case reaches a maximum at relatively modest levels of cytoplasmic protein (data not shown). Moreover, if the A315T mutation induces toxicity through cytoplasmic mislocalization of TDP-43, then a doublemutant of TDP-43 incorporating both the mNLS and A315T mutations should not display any additional toxic effect beyond that of either mutation by itself. In fact, the cumulative risk of cell death was no different in neurons expressing TDP43(mNLS)-EGFP or TDP43 (mNLS-A315T)-EGFP (supplemental Fig.  3 , available at www.jneurosci.org as supplemental material). These results confirm that the toxicity of the A315T mutation is closely related to cytoplasmic mislocalization of TDP-43, and that the mechanism underlying the toxic effect involves an abnormal accumulation of TDP-43 within the cytoplasm.
Discussion
In this study, we sought to understand the role of TDP-43 mutations in the pathogenesis of FTLD and ALS. We established a primary neuron-based model that recapitulates key features of TDP-43-proteinopathies (e.g., nuclear localization of WT TDP-43 in healthy neurons, mislocalization of mutant TDP-43 to the cytoplasm in affected neurons, the formation of ubiquitinated, detergent-insoluble IBs, and neurodegeneration) and is highly amenable to experimental manipulation. We expect it will enable the rigorous evaluation of mechanistic hypotheses regarding TDP-43-induced neurodegeneration and yield physiologically relevant information. As shown by automated fluorescence microscopy, several mutations in TDP-43 associated with the development of ALS caused significant neuronal toxicity in this model. Cellular survival was independent of IB formation, suggesting that diffuse forms of TDP-43 are toxic. One of these mutations, A315T, increased the mislocalization of TDP43-EGFP to the cytoplasm, and the amount of cytoplasmic TDP43-EGFP was a powerful predictor of cell death. Furthermore, restricting TDP43-EGFP to the cytoplasm by mutating the NLS was toxic to neurons, while preventing cytoplasmic mislocalization of the protein by mutating the NES abrogated the toxic effects of the A315T mutation. These observations suggest that the A315T mutation increases cell death by enhancing cytoplasmic mislocalization of TDP-43.
Although IB formation was initially presumed to be toxic, a growing body of evidence indicates that IB formation can, in certain situations, function as a coping response by neurons expressing aggregation-prone proteins (Arrasate et al., 2004; Ko et al., 2008; Lesné et al., 2008; Berlau et al., 2009; Mitra et al., 2009) . We found that IB formation in cells expressing TDP43-EGFP was not necessary for mutation-specific cell death, suggesting that similar to at least some other proteins associated with neurodegenerative disorders, TDP-43 forms aggregates that are relatively inert. However, we were unable to detect a beneficial effect of TDP43-EGFP IB formation upon cellular survival. This could be due to inadequate sensitivity or resolution of our system. Alternatively, it is possible that IB formation could cause neuronal dysfunction without affecting cellular survival; since our analysis focused solely on cell death, this effect would go undetected.
Overexpression of WT or mutant TDP43-EGFP was toxic to primary neurons and resulted in cytoplasmic mislocalization of the protein, consistent with findings in yeast expressing high levels of human TDP-43 (Johnson et al., 2008) . Analysis of neurons with equivalent expression levels showed that cytoplasmic TDP43-EGFP per se is a strong predictor of cell death, independent of expression level. However, overexpression of either WT or mutant TDP43-EGFP caused neurodegeneration, suggesting that modifiers of TDP-43 expression in vivo could significantly affect the risk of developing sporadic ALS or FTLD.
In contrast to prior investigations of TDP-43 in cultured cells (Ayala et al., 2008; Winton et al., 2008) , we detected cytoplasmic mislocalization of the protein in a significant number of neurons and found that mutant TDP-43 expression was toxic to transfected cells. Whereas we used primary cortical neurons for our experiments, previous studies were conducted in immortalized cell lines. Rodent primary neurons accurately localize a wide variety of fluorescently labeled transfected proteins (Saudou et al., 1998; Arrasate et al., 2004; Bradley et al., 2006; Pintchovski et al., 2009) , confirming that these cells can faithfully recapitulate subcellular protein distribution. The prominent mislocalization of TDP-43 in primary neurons, but not in immortalized cell lines, suggests that neuron-specific mechanisms govern its metabolism and distribution. These mechanisms may explain why TDP-43 mutations linked to familial ALS and FTLD are toxic to neurons but not to other cell types.
In human brain sections and cultured neurons, cytoplasmic redistribution of TDP-43 is closely linked to nuclear depletion of the protein (Arai et al., 2006; Neumann et al., 2006) . The neurodegeneration in TDP-43-proteinopathies could thus reflect two possibly overlapping mechanisms: loss of an essential function of TDP-43 in the nucleus or gain of a toxic function unique to cytoplasmic TDP-43. In our system, mutant TDP43-EGFP stimulated cell death in primary WT rat neurons expressing endogenous TDP-43. This toxic gain-of-function is consistent with the autosomal-dominant inheritance of nearly all TDP-43 mutations associated with familial ALS, including A315T (Kabashi et al., 2008; Kühnlein et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008) . Alternatively, mutant TDP-43 could act in a dominant-negative manner by sequestering endogenous TDP-43 within the nucleus or otherwise disrupting its function. However, the amount of cytoplasmic TDP43-EGFP was a strong and independent predictor of cell death, and there was no clear relation between the amount of nuclear TDP43-EGFP and neuronal survival. Moreover, localizing TDP43-EGFP to the cytoplasm was detrimental to transfected neurons, and the cell death induced by mutant TDP43-EGFP was intimately associated with cytoplasmic mislocalization of the protein. These results provide no evidence that nuclear depletion of TDP-43 is important for the toxicity of the mutant protein but do indicate that mislocalization of TDP-43 to the cytoplasm is sufficient to induce neurodegeneration. However, the fact that these experiments were conducted in the presence of normal levels of endogenous TDP-43 limits our ability to fully exclude the possibility that loss of nuclear TDP-43 is itself toxic.
How might mutant TDP-43 be involved in the development of familial ALS? The A315T mutation induced cytoplasmic mislocalization of TDP43-EGFP in rat cortical neurons. Because it is located in the putative protein-protein interaction domain of TDP-43, the A315T mutation could increase the proportion of cytoplasmic protein by enhancing the association of TDP-43 with cytoplasmic binding partners, which would impair its nuclear import, and facilitate its nuclear export, or by disrupting its affinity for nuclear binding partners. Restricting TDP-43 to the cytoplasm may disproportionately expose the protein to endogenous proteases, in the process generating high cytoplasmic concentrations of C-terminal TDP-43 fragments, which are enriched in cytoplasmic inclusions found in affected neurons .
Increasing the amount of cytoplasmic full-length or C-terminal TDP-43 may result in a toxic gain-of-function or a pathologic augmentation of the protein's normal function. For instance, cytoplasmic mislocalization of full-length or C-terminal TDP-43 could lead to the sequestration of essential mRNA transcripts, abnormal cytoplasmic-nuclear RNA transport, or local translation of mRNA. The demonstration that mutations in another RNA-binding protein, FUS/TLS (fused-in-sarcoma/translocated-in-liposarcoma) are involved in familial ALS provides additional evidence that disruption of RNA processing could be involved in neurodegeneration (Kwiatkowski et al., 2009; Lagier-Tourenne and Cleveland, 2009 ). Several neuromuscular disorders other than ALS, including myotonic dystrophy and fragile X syndrome, are characterized by aberrant RNA processing within the nucleus as well as the cytoplasm (Ranum and Cooper, 2006) . TDP-43 mislocalization could induce motor neuron death through a similar mechanism. Consistent with this hypothesis, deficiencies in lowmolecular-weight neurofilament mRNA, to which TDP-43 binds with high affinity (Strong et al., 2007) , are associated with motor neuron degeneration (Wong et al., 2000) . Even slight changes in neurofilament stoichiometry can lead to neurofilament aggregation and cell death in transgenic models of motor neuron disease (Wong et al., 2000; Lariviere and Julien, 2004) . Thus, one possibility is that cytoplasmic full-length or C-terminal TDP-43 effectively sequesters neurofilament transcripts, leading to perturbations in neurofilament stoichiometry, aggregation, and motor neuron death.
In conclusion, we have established a primary cortical neuron model that exhibits many characteristic features of TDP-43, proteinopathies. As in other neurodegenerative diseases, overexpression of the WT protein was sufficient to induce neuronal death. Thus, the risk of developing sporadic ALS and FTLD may be directly proportional to the overall amount of TDP-43, and could be strongly affected by regulators of TDP-43 expression or degradation. Furthermore, we demonstrated that cytoplasmic retention of TDP43-EGFP was also toxic, and that expression of mutant TDP43-EGFP increased the risk of cell death by enhancing cytoplasmic mislocalization of the protein. While the amount of cytoplasmic TDP43-EGFP per cell accurately predicted cellular mortality, the amount of nuclear TDP43-EGFP was unrelated to cellular survival, suggesting that the toxicity results mainly from the downstream effects of cytoplasmic TDP-43. If the mislocalization of TDP-43 is necessary for disease pathogenesis, inhibition of protein redistribution may be an important target for future therapeutics in both FTLD and ALS. Alternatively, if cytoplasmic accumulation of TDP-43 leads to cell death by sequestering mRNA transcripts or transport machinery, small-molecule inhibitors of interactions involving TDP-43 might prevent disease progression. The cellular model presented here will be a valuable system for investigating the pathogenesis of TDP-43 proteinopathies and for evaluating novel and potentially neuroprotective strategies.
